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Drug-induced hepatotoxicity causes significant mor- 
bidity and mortality and is a major concern in drug 
development. This is due, in large part, to insufficient 
knowledge of the mechanism(s) of drug-induced liver 
injury. In order to address this problem, we have eval- 
uated the modulation of gene expression within the 
livers of mice treated with a hepatotoxic dose of acet- 
aminophen (APAP) using high-density oligonucleotide 
microarrays capable of determining the expression 
profile of > 11,000 genes and expressed sequence tags 
(ESTs). Significant alterations in gene expression, 
both positive and negative, were noted within the liv- 
ers of APAP-treated mice. APAP-induced toxicity af- 
fected numerous aspects of liver physiology causing, 
for instance, > twofold increased expression of genes 
that encode for growth arrest and cell cycle regula- 
tory proteins, stress- induced proteins, the transcrip- 
tion factor LRG-21, suppressor of cytokine signaling 
(SOCS)-2-protein, and plasminogen activator inhibi- 
tor- 1 (PAI-1). A number of these and other genes and 
ESTs were detectable within the liver only after APAP 
treatment suggesting their potential importance in 
propagating or preventing further toxicity. These 
data provide new directions for mechanistic stud- 
ies that may lead to a better understanding of the 
molecular basis of drug-induced liver injury and, ulti- 
mately, to a more rational design of safer drugs, c zooi 
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Drug-induced liver toxicity represents an important 
healthcare issue because it causes significant morbid- 
ity and mortality and can be extremely difficult to 
predict (1). Elucidating the mechanism(s) of drug- 
induced liver toxicity, therefore, is essential for the 
design of safer therapeutic agents. The antipyretic and 
analgesic drug, acetaminophen (APAP). has been the 
most widely studied of all drugs with hepatotoxic po- 
tential. It continues to be a significant cause of liver 
injury and lethality in humans (2). Studies have sug- 
gested that APAP-induced liver injury may be related 
to protein arylation (3). oxidative stress (4-6). disrup- 
tion of calcium (7. 8) and mitochondrial homeostasis 
(9), alteration of transcription pathways (10-12). 
proinflammatory signaling (13-15), and the induction 
of cell death pathways (2). However, the precise molec- 
ular events occurring within the liver following APAP 
insult have still not been deciphered, and only a lim- 
ited number of pathways involved in controlling toxic- 
ity progression have been identified (6, 16). 

A more global approach is needed to elucidate the 
many factors that may play a role in the liver injury 
caused by APAP and other therapeutic drugs. Using an 
oligonucleotide microarray technique that is well 
suited for such a large-scale endeavor, we present an in 
vivo gene expression profiling approach for studying 
the mechanism(s) of APAP-induced hepatotoxicity. 
APAP was found to cause significant alterations in 
liver gene expression encompassing a wide array of 
physiological processes that include stress-responsive- 
ness, cell cycling and cell growth, adhesion molecule 
expression, cytoskeletal and extracellular matrix orga- 
nization, inflammatory responses, signaling pathways, 
and metabolic events. Many of the genes have not 
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previously been reported and/or thoroughly investi- 
gated in the context of drug toxicity and, therefore 
represent novel factors for further study of the mech- 
anism(s) of APAP-induced liver injury. Similar factors 
may also play a role in the hepatotoxic potential of 
other drugs currently in use or in the developmental 
pipeline. 

MATERIAL AND METHODS 

In vivo treatment and tissue collection. C57BJ/6 x J29/Ola hy- 
brid mice (8 weeks; Taconic Farms) were acclimated for at least 6-7 
days toa]2h lightydark cycle in a humidity and temperature- 
controlled, specific pathogen-free environment. This strain was se- 
lected because its genetic background corresponds with other strains 
used in our laboratory and in previous studies of APAP toxicity (6) 
Mice were allowed access to food and water until experimental use" 
riTTSK 1 ^ WaS wilhdrawn for 17-18 h before treatment (2 3* 
16). APAP (300 mg/kg) or saline (vehicle) was administered by in- 
traperitoneal injection at 6:30 AM and food was restored after treat- 
ment. Six hours later, mice were sedated with C0 2 small blood 
samples were collected for serum enzyme analysis, and liver tissues 
were snap frozen in liquid nitrogen and stored at -80<C until use 
All procedures were performed according to N1H guidelines for the 
care and use of laboratory animals. 

Assessment of liver injury. Hepatotoxicity was assessed using 
both biochemical and histological techniques. Toxicity was initially 
evaluated by measuring serum alanine aminotransferase (ALT) ac- 
tivity using a miniaturized microliter plate adaptation of a commer- 
ciany available kit (Sigma). Liver sections taken at the same time as 
blood collection were processed by standard histological techniques 
and sections were stained with hematoxylin and eosin. All sections 
were later examined for histological evidence of liver damage. 

RNA isolation. Total RNA was isolated from frozen liver tissues 
of individual mice using RNeasy Midi kits basically as described by 
the manufacturer (Qiagen). RNA concentrations and purity were 
determined spectrophotometrically and its quality further assessed 
by electrophoretic separation in 1.25% agarose gels and visualized 
with Vista Green nucleic acid dye (Amersham Pharmacia Biotech) 
following these assessments, equivalent amounts of RNA from in- 
dividual samples within each group were pooled to provide a repre- 
sentative sample for microarray analysis (APAP-treated n = 3* 
Sahne-treated. n = 4). Aliquots of RNA from individual animals were 
saved for subsequent confirmatory evaluations of gene expression. 

Microarray protocol Sample processing was performed exactly 
as described by the microarray manufacturer (AfTymetrix) and out- 
lined elsewhere (17. 18). Integrity of the final fragmented cRNA 
product was assessed using Test-2 Chips (Affymetrix) with the ad- 
dition of manufacturer-recommended internal controls Thereafter 
expression analysis for each sample was performed using a set of two 
individual oligonucleotide microarrays (MuIlK sub A and sub B- 
Affymetrix) that can detect the expression of >1 1.000 known genes 
and expressed sequence tags (ESTs). Fluorescence intensities were 
analyzed using a laser confocal scanner (Hewlett Packard) and the 
accompanying GENE CHIP Analysis Suite (Affymetrix). 

r^ r r^2fo o "f^V 5 Ex P ression Ponies were derived using the 
GENE CHIP 3.3 software (Affymetrix) and preestablished parame- 
ters. Software calculations, which compare the fluorescence intensity 
for each of the 20 perfect-matched (PM) and mismatched (MM 
l 5 ^ o\lgonuc\eoti6e probe pairs designed for each known gene for 
(after background subtraction), provide the basis for a "decision" 
regardmg the presence of that gene or EST in the sample (17) The 
average differences: between each PM and MM (again after correc- 
tion) provide a relative, but quantitative assessment of the gene or 
tbl s expression. Furthermore, in order to provide data that is 



directly comparable between arrays, all data (including background) 
are scaled to a preestablished target intensity (1500) for analysis 

The effect of APAP on global gene expression in the liver was 
performed using the appropriately scaled saline-treated expression 
levels as baseline measurements. Genes or ESTs that were desig- 
nated as being not significantly detectable above background signals 
( absent" in the Absolute Call analysis), "not changed" in the com- 
parison analysis, and altered less than 2.0-fold {Difference Call) were 
excluded from subsequent expression analyses. Thereafter probe 
sets representing known genes and ESTs were grouped according to 
similarities in expression, fold changes compared to the saline- 
treated baseline, and reported physiological roles. 

Reverse transcriptase-polymerase chain reaction (RT-PCR). 
APAP-induced alterations in liver expression of representative genes 
were confirmed using RT-PCR. RNA (1-2 M g) from individual mouse 
liver samples was reverse transcribed at 42 <C for 30 min using 
self-contained Ready-To-Go RT-PCR beads (Amersham Pharmacia 
Biotech). After enzyme inactivation (95 X:, 5 min). cDNA fragments 
were amplified for 20-36 cycles using gene-specific primers for c-fos 
c-jun. and c-myc (all from Clontech). HSP27 (sense 5'-ATGACC- 
GAGCGCCGCGTGC-3': antisense 5 ' -TGGCTTCT A CTTG GCTCC - 
AGA-3). HSP40 (sense 5'-TCGGCAAGGACTACTATCAGAC-3'- 
antisense 5 '-C CGGGAAG ATCACTTC AAAC-3 ') . HSP68 (sense 5'- 
AGAACGCGCTCGAATCCTAGT-3'; antisense 5'-TGGTACAGCC- 

^^ ATGATG 3 ' ): HSP70 (sense 5 '-TGG AG ATC ATCGCC AAC- 
GACC-3; antisense 5 '-TCCTCC ACGAAGTGGCTCACC-3 ') . HSP105 

^r^r x^-r^^^^^^^ GG ^ G AAAG ^ G 3 ' ' a ™*ense 5'-TTAAGAA- 
OL.IC1L1CCCT-3). oxidative stress-induced protein (OSIP sense 
5-AGATCCCAATCTCAATTTCC-3': antisense S^AgATGTGG 
GTATACGGCAG-3'). CHOP-10 (sense 5'-CACATCCCAAAGCCC- 
TCG-3': antisense 5'-CTCAGTCCCCTCCTCAGC-3')> plasminogen 
T C A t ^f^ inhibil0r " , (PAM: sense 5'-TCAGAGCAACAAGTTCAAC- 
TTrrSrfi' antisense 5'CCCACTGTCAAGGCTCCATCAC- 
L ^??^ h vascular ce " adhesion molecule- 1 (VCAM-1; sense 
rrrrr^ antisense 5'-TAAGGTCAGG- 

GTGGCATTTC-3 ). LRC-21 (sense 5-ATGATGCTTCAACATCA- 
AGG-3'; antisense 5'-GCTGTTTCTCATTCTTCAGCTC-3') and sup- 
pressor of cytokine signaling-2 (SOCS-2; sense 5 '-GTTGCCGG AG- 
GAACAGTCCC-3': antisense 5 ATGCTGC AG AGTGGGTGCTG-3 ') 
Amplification of the housekeeping gene. glycera!dehyde-3-phosphate 
dehydrogenase (G3PDH; sense 5'-TGAAGGTCGGTGTGAACGGA- 
TTTGGC-3': antisense 5'-CATGTAGGCCATGAGGTCCACCAC-3') 
served as a control for each sample. PCR products were resolved on 
agarose gels in Tris-borate buffer and visualized using Vista 
Green nucleic acid gel stain. 

RESULTS AND DISCUSSION 



Recent technological developments in genomics and 
proteomics have dramatically increased the ability to 
study complex pathological events, including episodes 
of drug toxicity. The discovery of a key protein involved 
in cyclosporine A nephrotoxicity using a proteomics 
approach represents one such example (19). In order to 
facilitate the discovery of factors and pathways with a 
potentially important role in drug-induced liver injury, 
many of which may have escaped detection using tra- 
ditional approaches, we initiated a global analysis of 
mRNA expression 6 h after a hepatotoxic dose of 
APAP. The selection of a time point during the early 
phase of toxicity was designed to facilitate investiga- 
tion of genes with a role in the initiation and propaga- 
tion of toxicity as well as those possibly involved in 
self-limiting injury progression. 
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TABLE 1 

APAP-Induced Hepatotoxicity Significantly Alters Gene 
Expression in Mouse Liver Tissue within 6 h of Drug Admin- 
istration'' 



Number of probe sets 



Fold change 


fr 


4V 




2.0-2.9 


100 


73 




3.0-4.9 


68 


26 




5.0-9.9 


33 


6 




1 0.0- 1 9.9 


16 


0 




>20.0 


9 


1 




Total 


226 


106 





" The results represent numbers of probe sets (representing known 
genes and ESTs) in which APAP caused a minimum of 2.0-fold 
change in the expression parameters rumpauxi to the saline-treated 
baseline. Data in which the Alisohtte C^llaK a probe set was "absent" 
and where the Difference Call was "no change" were excluded from 
the analyses (see Materials and Methods). 



A single dose of APAP (300 mg/kg. i.p.) to food- 
deprived C57B1/6 x 129/OIa mice caused a significant 
hepatotoxic response. Serum levels of ALT increased 
from 4.1 ± 2.5 IU/L (mean ^ SD) in saline-treated 
controls (n = 4) to 849 ± 695 1U/L (n = 3) within 6 h 
of drug administration. Histological evaluation re- 
vealed an APAP-induced development of perivenous 
liver injury in each of the drug-treated animals (data 
not shown) corroborating many previous reports. 

Using high-density oligonucleotide microarrays, the 
expression levels of > 11.000 genes and ESTs were 
analyzed in these liver tissues. The oligonucleotide 
microarray technology available from Affymetrix has 
previously been shown to yield reproducible and quan- 
titative results (18). Potential inter-individual vari- 
ability was addressed by pooling RNA samples from 
individual mice within each group to yield a represen- 
tative sample for analysis. Moreover, we selected a 
twofold threshold as a cutoff for significance, as has 
been reported by others (20-22). because smaller 
changes might be attributable to nonspecific hybridiza- 
tions and/or biological variability. Whereas the overall 
pattern of liver gene expression was similar between 
APAP- and saline-treated mice (data not shown), the 
data revealed up-regulation and down-regulation of a 
significant number of genes over a very broad range of 
expression levels in response to APAP (Table 1). Gene 
induction appeared to be the more prevalent process, 
particularly as the level of expression changes in- 
creased (Table 1). 

Analysis of the differential expression profiles indi- 
cated that APAP toxicity caused modifications in a 
multitude of physiological processes (Table 2). Among 
the subset of induced genes were a number of stress 
proteins and early response factors such as c-fos and 
c-jun. all of which have been investigated in recent 



studies of APAP toxicity (6. 16, 23-25). However, our 
analyses indicated that APAP toxicity elicited a wide 
array of cellular responses, much broader than earlier 
studies (6, 16, 24, 25) and more extensive and diver- 
gent than that reported in a proteomic study of APAP- 
induced liver injury in mice (23). Expression profiles 
suggested that APAP-induced liver injury resulted in 
the altered expression of numerous genes that encode 
for cytoprotective stress proteins, cell cycling and cell 
growth inhibitors, cytoskeletal components, adhesion 
molecules, extracellular matrix proteins, inflammatory 
mediators, a variety of early response factors and cell 
signaling molecules, cell death-related proteins, as 
well as many proteins involved in cell metabolism and 
those with a variety of other functions (Table 2). 

Although the congruencies of our data with results 
from previous investigations (6, 16, 24, 25) support the 
validity of our microarray results, we confirmed the 
expression changes of a number of genes by RT-PCR 
using RNA from each mouse liver within a given treat- 
ment group. Despite some minor differences in the 
magnitude of change, the results were consistent with 
our microarray data (Fig. 1). Expression changes de- 
termined by microarray analyses (Table 2) correlated 
with APAP-induced alterations revealed in RT-PCR 
studies of individual samples within each group (data 
not shown), even at relatively low (e.g., 2.2-fold, 
SOCS-2) levels of change (Fig. 1). Moreover, a prelim- 
inary study using smaller scale, cDNA microarrays to 
analyze gene expression patterns within the liver of 
C57BL/6 X 129 Fl mice, 4 h following 300 mg/kg APAP 
(i.p.), confirmed the APAP-induced altered expression 
of a number of genes (Table 1; MB, et aL. unpublished 
data). Together, these data support the utility of the 
present oligonucleotide microarray analyses in drug- 
induced liver toxicity studies. 

While it is beyond the scope of this report to high- 
light the potential significance of each altered gene, a 
number are of unique interest and therefore warrant 
specific mention: (1) Comparable to previous studies 
(24, 25), our analysis demonstrated the induction of 
early response genes following APAP. Microarray data 
also showed the induction of additional genes that in- 
hibit cell cycling and arrest growth (Table 2). Growth 
arrest and DNA damage inducible protein (GADD) 45 
and GADD 153 (i.e., CHOP- 10) and growth arrest pro- 
teins (gas)-2 and 5 were dramatically induced within 
6 h of APAP treatment (Table 2; Fig. 1). Depending 
upon the type of stress (26). GADD 153/CHOP-10 has 
been shown to halt cell growth in combination with 
other factors such as p21 and C/EBP. also increased 
following APAP (Table 2). A stoppage in cell growth/ 
cycling during drug toxicity might allow cells to make 
a "decision" regarding their response to a drug insult. 
Increased expression of CHOP- 10 (26) and gas mole- 
cules (27) has also been associated with the induction 
of apoptosis, possibly secondary to endoplasmic reticu- 



Vol. 282. No. 1. 2001 



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 



TABLE 2 

Functional Cluster Analysis of APAP-Induced Alterations in Gene Expression ' 



Entrez definition or sequence similarity 



GenBank or SwissProt ID Fold change 1 ' 



1 Chapcronin 10 inKNA 

2 Apg-2 mRNA 

3 Heal shock protein (HSP) 90-q (I ISP86K 

4 DNAJ protein 

5 DNAJ protein hornolog 2 

6 HSP86 mRNA 

7 Actin polymerization inhibitor (HSP25-like) 

8 Adrenomedull in precursor mRNA'' 

9 Heat shock" cognate protein HSC90-# 

10 Heat shock cognate 71 kD protein 

1 1 Oxidative stress- induced protein (OSIP) mRNA 

12 Metallothionein II gene 

13 Metallothionein I gene 

14 Small HSP 25 

1 5 Heme Oxygenase- l7Tumor : Inducing p32kD 

16 Glutathione S-transferase Ya subunit gene 

17 HSP 105 

18 Arseniie-inducible RNA-associatcd protein 

19 HSP 27 kD 

20 rumor-induced 32 kD protein (p32) mRNA 

21 HSP68 mRNA 

22 DNAJ protein hornolog 1 (human: similar to HSP40) 



Stress-responsive 



1 Gut^nrtciie^ Kruppel-like factor GKLF mRNA 

2 TDD5 mRNA 

3 Growth arrest specific (gas2) protein mRNA: 

4 FISP- 1 2 protein mRNA : 

5 c-myc gene.exori.3j; 

6 gas 5 mRNA 

7 p21 (Waf iy mRNA- 

8 GADD45 riiRNA ■ 

9 GADD45 (Crowth arrest and DNA damage inducible) 

10 Growth ractor-induciblc immediate early ecne (3CH134) 

11 CADD153 

12 TIS21 gene 

13 Growth factor inducible protein (pip92) mRNA 

14 CHOP-lOmRNA 



Cell cycling and growth inhibition 



1 Vascular cell adhesion molecule 1 "(VCAM-1) mRNA ; 

2 Tubulin beta chain 

3 Endothelial cell activated protein C receptor mRNA 

4 Actin I 

5 or-1 type IV collagen mRNA 

6 Entactin 

7 Cytoskeletal gamma-actin mRNA 

8 Secretory jjrotein-containing thrombospondin motifs 

9 Cysteirte-rich prbteih 6 1 (Gyr6 1 ) mRNA 



Adhesion and structural components 



Inflammatory 



Corticosteroid binding globulin 
Shp gene 

C- 10 like chemokine mRNA 
TNF-induciBle proteiri TS 
L6aritigearnRNA; 

Suppressor of cytokine signaIing-2 (SOCS-2) mRNA 

T-lymphocyte activated protein (CHX- induced); immediate early response 2 protein 

8 Lymphocytic antigen 68/Cell surface antigen AA4 

9 Vascular endothelial growth factor mRNA 

10 CtIa-2^mRr\JA] 

1 1 Myeloid differentiation primary response mRNA encoding My Dl 16 protein 

12 Plasminogen activator inhibitor (PAD- 1 mRNA 

13 Interferon (IFN)-reiated protein PC4 

14 INF 0 (type 2) rnRNA 



uU96f>y 

D85904 

P07900 

P355I5 

P31689 

U88327 

Q00649 

U7763D.: 

Q04619; 

Pi 1142 

U40930 

K02236 

V00835 

107577 

AA710574: 

d670I6 

aa044543 

PI 4602 

m33203 

ml2572 

aa542147 



:u203^4l 
U52073 
M21828 
5 m7G64£ 
JQQD39; 

u09507j 

128177; 

P24522 

X61940 

P65639* 

M64292 

m5982l 

X67083: 



x67783> 
P02556 
J39017: 
PI 0982 
J04694 
X14194 
M21495 
D67076 
Sri324&01 



X70533 

u 19482 

1154431 

U88327 

PI 7950 

aal859 1 1 

M95200 

XI 559 L 

X51829; 

M33960- 

P19182 

v00756 



2.0 

2.2 

2.2 

2.3 

2.4 

2.9 

3.0 

;3JL 

3.2i 

3;2i 

3.6 

4.T 

4.7 

5.0 

mi 

6.4 
8.3 
11.3 
13.3 

22.9 
29.2 
85.3 



2:2] 
2.9 

Am 

J>;5' 

6.5 

9:0: 
10.5 
12' 

13.5 
22. r 
68.2" 



22; 
2.5 
2.9j 
2.8 
32 
3.2 
3.3 
4.7 



-3.8 
-2.3 
-2.2 

2 7, 
ZM 
3.0 

3 4' 
3.8 
5.2 
64 
8.9 f 

: I4:il 
17. r 

17.9 
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Entrez definition or sequence similarity 



GenBank or SwissProt ID Fold change" 



Cell signaling 



3 
4 
5 
6 
7 
8 
9 
10 



13 
14 
15 
16 
17 



1 Retinally abundant regulator of G-protein signaling 

2 PP5/TFP1-2 
Serine-threonine protein kinase 
Protein tyrosine phophatase (PRL-1) mRNA 
TI-225 mRNA 
mATF4 (mTR67) mRNA 
N 1 0; gene /or et nu^earlftonr^ 
JUN-D protein gene 

NFIL3/E4BP4 transcription factor mRNA 
Serine-threonine-tyrosine kinase mRNA 

1 Transcxiptfo^^^^ 

2 rosBinfiNAj 
TRA1 mRNA 



TranscBp1dbl£& 
TransTcrtpUdrt:^ 
c-fos:6nco^geneK_ 



18 ProielJi_horaDlog6us?tt^^ 



U94828 
D50586 
X70764 
U8441I 
D50527 
m94087 

U83I48 
m3838l 

;px$06# 

S14897J 
d78354 
iX6I8003 
:E 18870] 
uI91183 



-2.5 
-2.2 
2.0 
2.0' 
2.1 
2.1 

2.3 
3.1 

3.3 

*m 

OB? 

4.7 

mm 



Death pathways 



1 gC&fhmS 

2 Apoptosis inhibitor bcl-x gene, exon 3 

3 TDAG5I mRNA 



u78031 
U44088 



mi 

2.6 
4.4 



Cell metabolism 



Antizyme inhibitor mRNA 
Farnesyl pyrophosphate (FPP) synthetase 
Acetyl CoA synthase 
Squalene synt hase mRNA 

3-0 hydroxys tcroid dehydrogenase mRNA 
3-ketosteroid reductase mRNA 

8 Ornithine aminotransferase 

9 Flavin monoxygenase ! mRNA 

10 NAD-dependent 1 2- hydroxy prostaglandin dehydrogenase 

1 1 Glycerol -3- phosphate acetyl transferase 

12 Estradiol 17-0-dehydrogenase 

13 Spermidine/spermine Nl-acetyltransferase mRNA 



AF032128 
P05369 

D290I6 



M75886 
L41519 
X64837 
U87456 
U44389 
m77003 
D45850 
L10244 



-122.3 
-5.9 
-4.8 
-4.2 

mm 

-3.7 
-3.6 
-3.0' 
-2.9 
-2.7 
-2.2 
-2.0 
5.9 



Miscellaneous 



Amyloid A protein mRNA 

or- 1 acid glycoprotein mRNA 

Retinoid X-receptor interacting protein mRNA 

Sensescence marker protein 30 gene 
Liver-type glucose transporter 
Apolipoprotein A- IV gene 



8 Cathepsin L precursor 

9 C^cineur^iihhibitbr] 



10 m^tfmm^^^^^^wmm^ 

11 Zinc; fi^er protein 2l6;(ZJp216)i 

12 Glvr-I mRNA 

13 LbrieB^mRlNr/e 



u02554 
m27009 

AA238219 
ml 3966 

mxxm 

M73693 



-6.1 
-4.9 
-4.7 

-2.6 
-2.5 
2.4 
2.4 
3:3J 

Am 

5.r 



* Following the exclusion of genes or ESTs whose expression was judged as being "absent' or altered by less than 2.0- fold, data were 
grouped according to published reports of the putative function of each gene product. Note, however, that the groupings are not mutually 
exclusive and do not include every single gene represented in Table 1. The classifications were designed instead to suggest cellular processes 
that seem to be modified by APAP-induced liver injury. 

6 Change in gene expression compared to that of baseline levels of saline-treated mice. 

c Abbreviations: GADD. growth arrest and DNA damage-inducible protein: gas. growth arrest specific protein; HSP, heat shock protein: 
IFN, interferon: TNF. tumor necrosis factor. 

" Shaded areas indicate that expression was detectable in the livers of APAP-trcated mice alone, not in those of saline-treated mice, 
suggesting its induction by APAP treatment. 

' Indicates genes or ESTs whose expression was altered similarly in a preliminary study using smaller scale. cDNA microarrays to 
analyze gene expression patterns within the liver of C57BL/6 x 129 Fl mice. 4 h following 300 mg/kg APAP (i.p.) (see Results and 
Discussion). 
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c-fos c-jun c-myc CHOP10 G3PDH 

- + - + - + - + _ + 

HSP27 HSP40 HSP68 HSP70 HSP105 

-+-+- + - + . + 

OSIP SOCS-2 LRG21 PAI-1 VCAM-I 

- + - + - + - + - + 



FIG. I. Confirmation of microarray determined alterations in 
gene expression by RT PCR. Results shown represent pooled FCR 
reactions of 3- 4 individually amplified and analyzed samples per 
group, each individual sample showing comparable results Abbre- 
viations: CHOP10. also called GADDl 53: C3PDH. glyceraldehyde- 
3 phosphate dehydrogenase: CADD. growth arrest and DNA damage 
inducible: MSP. heat shock protein; HSPG8. inducible HSP70 
HSP70. constitutive HSP70: OSIP. oxidative stress inducible pro 
tein: PAI. plasminogen activator inhibitor; SOCS. suppressor of cy- 
tokine signaling; VCAM-I. vascular cell adhesion molecule. 



Ium dysfunction (28). suggesting that they may play a 
role in APAP toxicity mediated through apoptotic 
mechanisms (2). (2) Oxidative stress inducible protein 
(OSIP; also called A 1 70 and STAP) is induced by reac- 
tive oxygen species (ROS) and olectrophiles in cells 
within the brain (29) as well as in macrophages and 
other immune cells (30. 31). We now show that it is 
induced during APAP-induced liver injury (Table 2; 
Fig. 1). possibly due to a combination of electrophilic 
drug metabolites and drug-induced ROS. Its inducibil- 
ity by oxidative stress processes may be related to 
transcriptional activation by API and NFkB (31), both 
of which are altered during APAP toxicity (see Table 2) 
(10. 24). Another recent study argued instead that 
OSIP is coordinately regulated with other stress- 
inducibie genes including glutathione S-transferase Ya 
and heme oxygenase ! (Table 2) by the transcription 
factor Nrf2 (32). Additional evidence suggests that a 
structurally similar human form of OSIP affects ty- 
rosine kinases involved in T cell activation (30, 33). The 
possibility exists then that its induction during drug 
toxicity in the liver might impact both general stress 
responses as well as immunological signaling cascades, 
though the signaling mechanisms for these effects have 
not yet been fully elucidated. (3) Our expression anal- 
yses demonstrated a wide-ranging induction of stress 
proteins following APAP treatment (Table 2). including 
HSP27 (HSP25), HSP40, HSP70. HSP90a (HSP86) 
HSP90/3, and HSP105, a considerable expansion upon 
those reported in an earlier protein expression study 
(16). However, little attention has been directed to- 
ward understanding the mechanistic implications of 
their induction in the context of drug toxicity. Aside 
from their generalized function as molecular chaper- 
ones, HSPs play important roles in signal transduc- 
tion, inter-organellar transport within cells, cell cy- 



cling and proliferation, as well as anti-apoptotic 
responses (34). HSPs also possess immunomodulatory 
effects (35, 36) that may induce immunological respon- 
siveness or tolerance. Therefore, the repertoire, extent, 
and subcellular localization of HSP induction, as well 
as their associated protein fragments, may have impli- 
cations for immune-mediated and nonimmune-medi- 
ated drug reactions in the liver, hypotheses that have 
yet to be experimentally tested. (4) LRG-21 is a tran- 
scription factor believed to be involved in macrophage 
activation (37). It possesses c-fos and c-jun-Iike prop- 
erties and is inducible by lipopolysaccharide, inter- 
feron gamma, and interleukin 4 (37). Our data also 
indicate its induction during APAP toxicity (Table 2; 
Fig. 1), possibly as a result of increased cytokine sig- 
nals. Another study has implicated LRG-21 in negative 
T-cell selection (38). The role(s) that LRG-21 plays 
during drug-induced liver toxicity is unknown. How- 
ever, one could hypothesize that LRG-21 may play dual 
roles in the liver: It may be involved in (a) the activa- 
tion of resident macrophages (Kupffer cells) necessary 
for the development of APAP-induced liver damage 
(14, 15) and (b) the modulation of signaling pathways 
that, in turn, prevent an immune mediated response 
against drug-protein adducts by inducing apoptosis of 
drug-specific T cells. These possibilities certainly war- 
rant further study. (5) Suppressor of cytokine signaling 
(SOCS) proteins are a family of factors that regulate 
cytokine signal transduction (39). Their expression can 
be up-regulated in mouse liver with certain stimuli (40) 
including events associated with APAP toxicity (Table 
2; Fig. 1). Recent studies have linked SOCS expression 
with the down-modulation of macrophage activity (41), 
suggesting that SOCS induction may be part of an 
adaptive response limiting the role of resident macro- 
phages (14, 15) in APAP-induced liver toxicity. The fact 
that SOCS induction may be mediated by IFN-/3 sig- 
naling (41). whose expression also increased following 
APAP treatment (Table 2), supports this hypothesis. 
Moreover, IFN-/3 has been implicated in promoting cell 
survival via an NF#cB-dependent mechanism (42) sug- 
gesting, therefore, that IFN-/3 might act to minimize 
liver injury through at least two divergent mecha- 
nisms. (6) Toxicant-induced tissue injury triggers a 
cascade of events leading to fibrin deposition that can 
be beneficial in wound repair but also deleterious to 
tissue function (43). Whereas plasminogen activators 
(PA) can prevent fibrin deposition during pathological 
states (44), plasminogen activator inhibitors (PAI) ap- 
pear to accumulate during allergic inflammatory states 
blocking fibrinolysis and promoting collagen deposition 
and tissue remodeling (45, 46). In fact, genetic deletion 
of PAI-1 has been shown to protect against bleomycin- 
induced pulmonary fibrosis indicating its critical in- 
volvement in certain forms of tissue injury (43). The 
dramatic induction of PAI-1 with APAP toxicity (Table 
2; Fig. 1) suggests that it may also be involved in 



326 



Vol. 282. No. 1. 2001 



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 



TABLE 3 



ESTs without Known Sequence Homology but Whose 
Expression Was Significantly Altered by APAP Treatment^ 







Decreased 






aao/UoOJ 


1 OA ICO 

aa i c$4 Joy 


aa<: J8J31 


aa I 84 286 


aa034530 


O O t AO t 

BdkCC 1151 


1 t 

I I^JoJo/ 


«■> i -jcni 

aa2l7594 


aa2 13083 


aaI90l 19 


aa£U4U94 


aa2374 12 


aa2506l 4 


aa 105029 


aa2654I5 


a a 204 094 


aa2374 12 


aa2506l4 


aa!05029 


aa2654I5 


aa250708 


aa 1 09790 


aal83G27 


aa 11 6735 


w40847 


aa242579 


aa 203833 


aa250I9l 


aa268l63 


W30230 






Increased 6 






aa57l570 


;aa266033; 


aa4 09826 


Ha2_68i£9: 


aa 137620 


ml 1686 


aa253688 


aa388848 


aa638759 


^268619j 


aai688938i 


aa538285 


C81548 


aa4 15488 


aa638759 


aa0Q2653i 


aa2 12550 


aa408677 


aa57l638 


aa4 15488 


aa27!003 


aa 104073 


aa 175784 


aa408634 


aa571638 


C77421 


aal983lG 


AA673251 


"aa637306; 


aa408634 


aa710439 


r75152] 


aa422356 


aa7i088o: 


aa637306] 


aa4 15488 


AA265569 


aa 1 85060 


aa389999 


aa7li)880! 


aa 175295 


r aa53«i7r 


aa462486 


aa6l4971 


aa389999 


aa5H120 


aa 184871 


aa 137620 


aa462486 


Iaa6 149711 


aa545236 


AA67325I 







"'See Materials and Metlmris section and Table 1 for exclusion 
criteria. 

6 Shaded areas indicate that expresses was only detectable in the 
livers of APAP- treated micr and not in those of saline- treated mice 
suggesting its induction by APAP treatment. 

' Boxed area highlight** oi*» EST found to have significant homol- 
ogy with a recently uk-ntifietl "molecule possessing anykrin-repeats 
induced by lipopolyvKcharidc* (MAIL) factor that potentiates 
interIeukin-6 production (47) 



fibrotic events accompanying liver toxicity with a po- 
tential role in wound healing and/or fibrosis. Whether 
the balance between PA and PAI activation is a deter- 
minant of the manifestation and extent of drug- 
induced liver injury warrants further study. 

Aside from these and other genes listed in Table 2. 
expression profiling also unveiled a number of ESTs 
without known similarities to identified genes that 
were altered during APAP-induced liver injury (Table 
3). Because the microarrays have been designed, in 
part, to help identify uncharacterized genes, these 
findings provide the basis for further investigation. 
Regular searches of GenBank submissions recently 
demonstrated that one such EST induced by APAP 
treatment (aa6H971) shows significant homology with 
a recently identified "molecule possessing anykrin- 
repeats induced by lipopolysaccharide" (MAIL) factor 
that potentiates interleukin-6 production (47). Al- 
though it is unknown what role this factor plays in 
drug-induced liver injury, it is known that 1L-6 plays 
an important role in the acute phase response, liver 
regeneration, T- and B-cell differentiation and devel- 
opment (48), as well as protection against carbon 
tetrachloride-induced liver injury (49). Other ESTs in 
Table 3 might also turn out to possess activities as yet 



unexplored in the context of drug-induced liver injury. 
Availability of the sequenced mouse genome in the 
very near future should help to address this possibility. 

In summary, our expression profiling of APAP hep- 
atotoxicity suggests a wide array of factors with poten- 
tial importance in drug-induced liver injury. A number 
of these factors represent novel observations deserving 
further evaluation. Determination of the expression 
profile of these and other factors within select cell 
populations of the liver (i.e.. KupfTer cells, endothelial 
cells, and stellate cells (50)) should help to further 
delineate the molecular and cellular events involved in 
drug-induced liver injury. Continued work using these 
and other complementary approaches, including rap- 
idly evolving proteomics technologies (19. 23). should 
allow the development of a database of genetic and 
non-genetic alterations induced during episodes of 
liver injury that will further our goal of being able to 
mechanistically understand, and ultimately, predict 
drug-induced liver toxicity in humans. 
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